Introduction
Japan (HVJ) liposomes could achieve efficient in vivo gene Despite the recent enthusiasm for gene transfer as a transfer into the somatic cells in several organs. 7-10 HVJ therapeutic modality for lethal lung diseases, an approis a nonharmful virus and will have no untoward effects priate vector for clinical application has been awaited. 1 on humans. The features of this in vivo gene delivery sysAlthough a replication-deficient adenoviral vector can tem are as follows: (1) the fusogenic activity of HVJ can achieve highly efficient gene delivery into the bronchial carry the plasmid DNA directly into the cytoplasm of tartree, pathogenic immunity induces a severe inflammaget cells, even in the G0 static state; and (2) use of high tory reaction when delivering a gene to the airway in mobility group 1 (HMG-1) protein brings the transferred vivo. 2 Cationic small lamellar liposome-DNA complexes nucleic acid promptly to the nuclei of the target cells and have also been used for gene transfer into the lung. 3 stabilizes the exogenous genes. 8 Importantly, this is a Although this type of gene delivery involved no apparent nonharmful virus for humans and the HVJ liposomes are inflammatory reaction due to vector particles, the low prepared after ultraviolet irradiation of the virus. These efficiency of gene transduction remains a critical problem features of HVJ liposomes suggest potential usefulness for clinical use. Caplen et al 4 reported that DCfor human gene therapy, however, this vector system also Chol/DOPE liposome-mediated cystic fibrosis transhas problems. There is a relatively low level and short membrane conductance regulator (CFTR) gene transfer to duration of gene expression when it is used for some tarthe nasal epithelium of cystic fibrosis patients resulted in geted organs, or with some delivery techniques. This approximately 20% correction of the chloride ion transrelatively low gene expression level is probably due to port abnormality. Any method that offered enhanced low efficiency of attachment to the target cells and gene gene transfer might be expected to result in a more entrapment into the conventional negative-charged lipoefficient correction of this defect, therefore, novel and somes (5-10% of applied DNA, unpublished data). Our more effective viral or nonviral vector constructs need to preliminary study revealed that this vector system was be established. 5, 6 ineffective for in vivo gene transfer to lung airway epithelium by noninvasive aerosol delivery, while it is possible to transduce the gene to a small area with a patchy To achieve a more effective gene delivery into the air-way epithelium using the HVJ-based vector system, we investigated the effect of positively charged liposomes fused with HVJ, namely HVJ cationic liposomes. This method using cationic large multilamellar vesicles differs definitively from the lipofectin method, 11 which makes use of small unilamellar vesicles. In the present study, we used N-(␣-trimethylammonioacetyl)-didodecyl-dglutamate chloride (TMAG), which is minimally cytotoxic. 12 We assessed (1) quantification of enhanced gene trapping into liposome particles due to TMAG cationic lipid modification; (2) certification of gene transduced cell localization and gene transfer efficiency by single administration using the markers fluorescein isothiocyanate (FITC)-labeled oligonucleotides and the lacZ gene; (3) quantification of enhanced gene expression in vivo in trachea and lung using the luciferase gene; and (4) the effect of pretreatment of vector particles for gene transfer efficiency and the histological inflammatory reaction by repeat transduction. We then discussed the potential usefulness of this novel technique for gene therapy against lethal lung diseases such as cystic fibrosis (CF).
Results
Cationic lipid modification enhances gene entrapping A positively charged multilamellar construct of liposomes would be expected to provide advantages for the HVJ liposome-mediated gene transfer system. First, a larger amount of entrapped plasmid DNA would be transferred into cells, and this may result in a stronger gene expression than seen with conventional HVJ lipo- were negatively charged, as a dome-like appearance of mobility shifts was observed ( Figure 1a , left panel). On the other hand, newly formed cationic liposomes containing TMAG, and HVJ cationic liposomes were charged Cationic lipid modification enhances gene expression efficiency positively ( Figure 1a , right panel). The electrophoresed locations of TMAG liposomes were decreased in an
We then administered HVJ cationic liposomes with reporter gene encoding luciferase to the airway of 600-almost dose-dependent manner with the amount of fused HVJ ( Figure 1a , right panel). We then quantified the 650 g adult rats, as an aerosol, and we evaluated the levels of gene expression. In the tracheae and right lower amount of pSV-␤ galactosidase reporter plasmid (6.8 kb) entrapment by conventional liposomes or cationic lipolobes exposed to HVJ liposomes with 2.5 mg of lipid with 3750 HAU of HVJ containing pGL2-luciferase reporter somes ( Figure 1b) . The quantification study revealed that TMAG liposomes could entrap about five-fold plasmid plasmid, or with HVJ cationic liposomes without DNA, we detected no significant recombinant luciferase DNA in comparison with that of the conventional method (63.1 ± 4.23 g/mg lipid versus 13.0 ± 2.23 activity, while cationic multilamellar liposome fused with HVJ achieved a higher level of luciferase activity than g/mg lipid, n = 3, respectively, P Ͻ 0.001). Absence of any significant reduction of gene transfer efficiency and of severe inflammatory response by cationic liposome only. The value of luciferase activity in lung tissue seems to be much lower than in the trachea.
repeat administration Six rats were used for histological assessment of inflamThis major difference is attributed to the considerable amounts of proteins in the lung tissue. matory reactions, and the left lung tissues of four animals were evaluated for gene transfer efficiency by repeated administration of HVJ cationic liposomes, in comparison Gene transduction efficiency by HVJ cationic liposomes in the bronchio-bronchilar tree with single treatment. Repeated treatment is a sine qua non due to transient gene expression 7-9 and vectorNext, 1 ml of HVJ-cationic liposomes containing 2.5 mg of lipid, 3750 HAU of HVJ and 2 mol of FITC-labeled induced inflammation and reduction of gene transfer efficiency is the main obstacle for clinical application oligonucleotides was nebulized as an aerosol to the airway of three rats. The sections demonstrated frequent using adenoviral vectors. Sections of the lung which had been exposed three times every other week to HVJ catnuclear localizing fluorescence signals from airway epithelial cells 4 h after aerosol delivery (Figure 3a and b) .
ionic liposomes showed minimal mononuclear cell infiltration around a few bronchi (Figure 4a ), however, When HVJ cationic liposomes were used for in vivo gene transfer of lacZ gene to six rats, X-gal-stained cells were neither apparent severe inflammatory reaction nor fibrosis was evident in the interstitium and alveolar widespread and clearly evident on the luminal surface of the trachea, bronchi and bronchioli (Figure 3c inflammatory infiltrate at the subepithelial layer (Figure problem using adenovirus in CF gene therapy. We demonstrated that interval treatment every other week 4b panels a and c), similar to that seen in the case of a single exposure. These findings suggest that cellular resulted in minimal mononuclear cell infiltration and no significant reduction in gene transfer efficiency. These injury associated with mononuclear cell infiltration reduced transgene expression, but that vector-induced findings suggest that the host immune response against the HVJ surface protein is relatively low in rats, which inflammatory reaction seems to be rare.
We also noted the X-gal-positive epithelial cell ratio in are the pathogenic host of HVJ, and a reduction in immune response against HVJ may occur in primates. the trachea, bronchi and bronchioli, and terminal bronchioli in cases of both single (n = 6) and repeated (n = 4) Moreover, in our system HVJ was inactivated and the viral genome was destroyed by ultraviolet irradiation; exposure of HVJ cationic liposomes with 15 g plasmid DNA ( Figure 5 ). To evaluate the immunizing property of hence, the viral protein would be represented on the cellular surface just after gene transfer. Viral genes could this vector in the rat and to avoid overestimation due to consistent gene expression seen with previously adminisnot be expressed and the viral proteins would be degraded immediately, unlike the case with an adenovitered doses, we planned to expose the rats used on the previous two occasions with an empty vector and for the ral vector. On the other hand, gene-transferred cells using an adenoviral vector express viral proteins continuously, third exposure to use HVJ cationic liposomes containing the lacZ gene. Tissue sections in the case of a single which can be a target of cytotoxic T lymphocytes (CTL). 2 In the case of the HVJ-based gene transfer system, there administration of HVJ cationic liposomes revealed the lacZ gene transfer efficiency to be quantified as have been few reports indicating its pathogenic potential. Therefore, several studies have been focusing on the 47.6 ± 15.1% in the trachea, 39.0 ± 9.5% in the bronchioli (n = 6, respectively), while the X-gal positive rate was precise mechanisms of low immunity of HVJ liposome particles. For example, direct and repeat intratracheal markedly decreased to 2.9 ± 2.1% in the terminal bronchioli (n = 6, P Ͻ 0.01). On the other hand, repeated adminisadministration of HVJ liposomes has not resulted in interruption of gene expression and in inflammatory tration of HVJ cationic liposomes did not result in any significant reduction of gene transfer efficiency in each reaction, despite the elevation of titers of antiHVJ protein antibody (Yoshida M et al, personal communication). portion, estimated as 43.6 ± 11.5% in the trachea, 38.4 ± 10.1% in the bronchioli, and 4.6 ± 4.4% in the terAnother group has shown that the ultimately low level of CTL induction was recognized with four to six times minal bronchioli (n = 4, respectively).
repeated administrations of HVJ liposomes to the liver via the portal vein (Hirano Y et al, personal comDiscussion munication). In addition, it is possible that a multilamellar structure has additional advantage in comparison We obtained evidence of repeated and effective in vivo gene transfer to the airway epithelium using HVJ cationic with small lamellar liposome-DNA complexes exposing naked DNA, which could be a target of antiDNA antiliposomes, hence, the potential usefulness of this novel gene transfer technique, for CF gene therapy.
bodies. These features of the HVJ-mediated gene transfer system suggest its safety in its application for clinical use. Regarding the efficacy of gene transduction in vivo, McLachlan et al 13 used a large amount of DNA (266 g) However, extensive toxicity studies in animals, such as nonhuman primates, are needed before this novel vector and repeat transfections (five times) using cationic liposome (DOTAP)-DNA complex were required to achieve can be considered for clinical trials. We also emphasize that this novel system is a highly sufficient gene expression in vivo, even to small mice, while our gene transfer method requires less than one efficient transduction technique for cell placement in vivo, and has no limitations for a gene expression cassette in tenth (15 g) of DNA per animal even when we used adult rats which had a ten-fold greater weight (600-650 liposome particles. This is also an advantage of the liposome-mediated gene transfer method in comparison with g). Although it is difficult to compare these experiments done under different conditions, gene transduction viral vectors. Replication-deficient viral vectors have strict limitations regarding recombinant gene expression. efficiency of HVJ cationic liposomes may be roughly estimated as 100-fold that of the small lamellar cationic lipoAlso, the promoter activity of the long terminal repeats of the retrovirus frequently interrupts the inserted foreign some-DNA complex method. Regarding the efficiency of gene transduction of our HVJ cationic liposomes into the promoter, and adenoviral DNA carrying a recombinant airway, an additional point needs attention. In the present system, we can not obtain the HVJ cationic liposome particles without free DNA remaining or DNA Induction of an inflammatory reaction is a critical
Figure 4 Histopathological findings in the rat lung exposed to repeated treatment with HVJ cationic liposomes containing lacZ expression plasmid vector (pSV-␤ galactosidase). (a) Treatment three times every other week and X-gal-reacted lung tissue (hematoxylin-eosin staining). No inflammation was apparent in the histological sections. (b) High powered view of a demonstrating slight inflammatory cell infiltration, but which was rarely recognized. Morphologically intact cuboidal or tall columnar epithelial cells without mononuclear cell infiltrate in the submucosal layer frequently demonstrated Xgal-positive blue signal (panels a and c; asterisks), but flattened epithelial cells which suggest injury with submucosal lymphocytic infiltrate, rarely express ␤-galactosidase activity (panel b; asterisk).
gene cannot replicate in host cells. On the other hand, a may be expected to achieve a relatively stable or more long-term gene expression in vivo. liposome-based vector system can be used in combination with other gene expression systems, such viral In summary, we demonstrated a repeated and highly efficient reporter gene transfer into the rat airway epichromosomes as Epstein-Barr virus (EBV) replicon or the genomic integration system of adeno-associated virus. 14 thelium using aerosol delivery of the HVJ-based vector construct system. This may possibly be a breakthrough We confirmed that the EBV replicon vector co-transfected with EB nuclear antigen-1 (EBNA-1) prolonged gene for gene therapy strategy for CF patients. expression without significant self-replication at least Materials and methods over 1 month in adult rat liver (unpublished data), while recombinant gene expression delivered with a nonrepMaterials and animals licable plasmid decreased gradually and was indetectable TMAG is a positively charged lipid obtained from Sogo in 2 weeks. 10 These features of HVJ cationic liposomes Pharmaceutical, Tokyo, Japan. Phosphatidylcholine (PC)
Efficiency of DNA entrapment pSV-␤ galactosidase (200 g) was entrapped by liposomes of each type, in the same manner as described above. Two hundred units of DNase I (Takara Shuzo, Kyoto, Japan) was added to DNA-liposome complex solution, in the presence of 5 mmol MgCl 2 and this solution was incubated overnight at 37°C. Then, DNase I was inactivated with diethyl pyrocarbonate and membranes of liposomes were digested with 0.1% Triton-X. The plasmid DNA was collected after phenol-chloroformisoamylalcohol treatment and was spectrophotometrically quantified.
In vivo gene transfer and tissue harvest procedures Three and six rats were used for histological analysis by FITC-labeled oligonucleotide and lacZ gene transfer by buffered saline via the right cardiac ventricular and tracheal cannulation and the whole lung was fixed with ice-cooled 2% paraformaldehyde with 0.25% glutaraldehyde for 10 min for X-gal staining or removed and cholesterol (Chol) were obtained from Sigma, St immediately for measurements of luciferase activity. Louis, MO, USA. pSV-␤ galactosidase and pGL2-luciferAfter harvest, the lacZ gene delivered lung was cut into ase control plasmids (Promega, Madison, WI, USA) were 5-mm sections and placed in X-gal solution (5 mm potassused as reporter genes. Male WKA rats (600-650 g, purium ferrous cyanide, 5 mm ferric cyanide, 2 mm magneschased from Kyudo, Tosu, Japan) were used for the in ium chloride, 1 mg/ml 5-bromo-4-chloro-3-indolyl-␤-dvivo gene transfer study. For the animal experiments we galactopyranoside) for 6 h at room temperature. stat into 5 m sections and examined under a light microscope. These tissue samples were also embedded in Liposome preparation paraffin and cut into 5 m sections for hematoxylin-eosin Preparation of HVJ cationic liposomes was almost the staining. All X-gal-positive epithelial cells were microsame as for conventional HVJ liposomes 7-9 but with scopically counted in the two sections of trachea 1.0 and minor modification. Briefly, 10 mg of mixed lipids 1.5 cm above the carina tracheae, the four bronchi and (TMAG:PC:Chol = 1:4.8:2) was dried by reversed phase proximal bronchioli, and four terminal bronchioli of the evaporation and propagated with DNA (200 g) HMGwhole left lung sections in each animal. 1 (64 g) complex in balanced salt saline (BSS; 140
Measurements of luciferase activity in vivo mmol/l NaCl, 5.4 mmol/l KCl, 10 mmol/l Tris-HCl, pH
The harvested tracheae and right lower lobes of the lung 7.6) solution. After 8 × 30 s vortexing and forming multiwere temporarily chilled in cold PBS. The tissue was lamellar liposomes, 15 000 haemagglutinating units minced in lysis buffer and the luciferase activity was (HAU) of purified HVJ (Z strain) and 500 l of 60% measured using a luminometer (Aloka, Tokyo, Japan) sucrose were added to the solution which had been incuand a luciferase assay kit (Promega). Protein concenbated at 37°C for 1 h. This HVJ cationic liposome solution tration was also photometrically measured using a Biowas used for gene transfer with addition of CaCl 2 (final Rad Protein Assay System (Bio-Rad Laboratories, Herconcentration; 2 mmol).
cules, CA, USA), and all data were expressed as luciferase activity per milligram protein. 
